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Abstract—A triple-pulse, 2-m, Integrated Path 
Differential Absorption (IPDA) lidar was developed at 
NASA Langley Research Center. This active remote 
sensing instrument provides a technique for measuring 
atmospheric carbon dioxide and water vapor 
simultaneously and independently. A 2-m high-energy 
pulsed laser is incorporated for the IPDA transmitter, 
which provides high signal-to-noise ratio measurements 
using a commercial direct detection system. This results in 
a high-precision measurement capability for the low 
troposphere weighted-average column dry-air volume 
mixing ratio of the gases. Recent IPDA ground testing 
indicated carbon dioxide and water vapor measurements 
sensitivities of 8% and 14%, respectively and biases of 
0.1%. However, using the R30 centerline position for the 
on-line enhances the CO2 measurement sensitivity to 0.6%.  
Keywords—carbon dioxide; IPDA; lidar; triple-pulse laser; 
water vapor 
I. INTRODUCTION 
For more than 20 years, researchers at NASA Langley 
Research Center (LaRC) have developed several high-energy 
and high repetition rate 2-μm pulsed lasers and other critical 
components for atmospheric measurements of carbon dioxide 
(CO2) using the differential absorption lidar (DIAL) technique 
[1]. These lasers adopt wavelength control schemes to 
precisely tune and lock the operating wavelength at any desired 
offset from a CO2 line center reference [2]. Range-resolved, 
aerosol backscatter CO2 DIAL measurements, using single-
pulse 2-μm transmitters, have been achieved using direct 
detection techniques [3-4]. In addition, the DIAL capability of 
measuring CO2 column content was demonstrated using cloud 
returns [4]. Upgrading the 2-μm transmitter technology, a 
double-pulse IPDA lidar was developed for airborne CO2 
measurements [5]. Using NASA’s B-200 aircraft, field 
experiments indicated CO2 differential optical depth 
measurement uncertainties of 0.95% and 0.83% from 3.1 and 
6.1 km altitudes, respectively, over the ocean with 10 second 
averaging. Using the same averaging, 0.40% uncertainty was 
observed over land from 3.4 km altitude [5-6]. 
A new capability of the 2-μm laser was developed to 
produce three successive pulses for each pump pulse. Applying 
the triple-pulse laser as an IPDA transmitter allows 
simultaneous and independent measurement of CO2 and water 
vapor (H2O), the dominant greenhouse gases, using a single 
instrument [7]. On the other hand, the same capability allows 
measuring CO2 concentrations using two different weighting 
functions simultaneously. This triple-pulse IPDA is a 
technological upgrade to the 2-μm CO2 double-pulse IPDA 
lidar system [8]. This paper presents the ground testing of the 
2-μm triple-pulse IPDA. 
II. IPDA LIDAR INSTRUMNET 
A. Transmitter 
The triple-pulse IPDA transmitter is based on the 
Ho:Tm:YLF high-energy 2-μm laser technology. The laser is 
end pumped using 792 nm AlGaAs laser diode arrays. This 
external pumping targets the thulium (Tm), which transfers the 
energy to the holmium (Ho) relying on the different excitation 
lifetime. Relative to the pump pulse, Q-switch triggering 
produces three successive laser pulses, separated by 200 s, 
with relatively controlled energies and pulse-widths, using a 
single pump pulse. The pump pulse repetition rate is set to 50 
Hz. Although total output energy can reach 80 mJ, typically, it 
was set to 35 mJ to limit thermal loading. This results in 
successive pulse energies of 13.3, 10.4 and 11.4 mJ with pulse-
widths of 43.7, 55.6 and 54.3 ns, respectively. A wavelength 
control provides the required seeding for each of the generated 
pulses independently in reference to the CO2 R30 center line 
[2]. The seeding frequency offsets were set to 32, 6.5 and 16 
GHz from the center line locking. These offsets correspond to 
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pre-selected operating wavelengths that allow measuring one 
molecule, while cancelling the interference from the other [8]. 
B. Receiver and Data Acqusition 
The triple-pulse IPDA lidar receiver design is similar to the 
double pulse IPDA [9]. It consists of a 0.4 m Newtonian 
telescope that focuses the radiation onto a 300-μm diameter 
spot. The telescope secondary mirror is a two surface dichroic 
flat. The primary-side surface turns the return radiation to aft-
optics on the side of the telescope. The return radiation is 
focused, collimated, filtered then applied to a 90%-10% beam 
splitter. The opposite surface of the secondary is used to 
transmit the expanded laser beam coaxially with the telescope. 
The 90% signal channel is applied to an InGaAs pin 
photodiode detection system coupled to a preamplifier. The 
10% channel is used for investigating any other detection 
system. The lidar signals are digitized and stored using a data 
acquisition unit based on two high-performance digitizers 
(Agilent; U5303A). These digitizers are 12-bit two-channel 
cards that operate at a fixed sampling rate of 1 GS/s and 
triggered using the laser Q-switch signal. One digitizer is 
dedicated to the IPDA return signal, with a variable record 
length, while the other is dedicated to the laser energy monitors 
[10-11]. The digitizers are hosted in a rack-mountable 
computer. 
III. GROUND TESTING 
The IPDA lidar was integrated inside a mobile trailer for 
initial testing and alignment verification. Similar to airborne 
installation, the transmitter beam pointing is controlled with 
two 0.6 m flat mirrors to change its orientation either 
horizontally or vertically through side and upper windows. 
Horizontal pointing allows aiming the IPDA to the calibrated 
hard targets, with known reflectivity, located about 900 m 
away from the trailer. Vertical pointing allows aiming the 
IPDA to clouds. Fig. 1 shows an aerial picture of the test site at 
LaRC. Collocated on the site is the Chemistry and Physics 
Atmospheric Boundary Layer Experiment (CAPABLE). 
CAPABLE is a ground-based observation site that provides 
continuous near-surface meteorological monitoring for 
pressure, temperature and relative humidity among other 
atmospheric constituents. The trailer is located within the 
vicinity of Hampton-NASA Steam Plant, which is a solid 
waste incinerator used for steam generation. Depending on the 
incinerator operating cycles, higher than normal CO2 mixing 
ratio was observed sometimes at the IPDA test location [12]. 
A CO2 and H2O in-situ gas analyzer (LiCor; LI-840A) was 
used during IPDA ground testing, for independent estimates of 
the gases. This instrument is an absolute, non-dispersive, 
infrared CO2 and H2O gas analyzer, which is based on a single 
path open optical absorption cell. The instrument was 
calibrated by defining a zero and a span reading for both gases. 
Assuming linear response, zero and span records are input to 
the instrument. The zero calibration for both CO2 and H2O was 
obtained using a boil off 99.999% pure liquid nitrogen. A CO2 
standard dry-air mixture with 400 ppm was used for the span 
calibration. For water vapor, the span measurement was 
conducted by comparison to CAPABLE data in ambient 
conditions, which indicated 0.993 correlation between LiCor 
and CAPABLE. The in-situ sensor, located near the trailer, was 
sampling at a single spatial location, at 1 Hz, within the IPDA 
measured column.  
The ground testing objective was to ensure successful 
IPDA operation after instrument integration. This included 
testing the IPDA operating parameters, in terms of 
temperatures, detection gain and bandwidth, alignments, data 
acquisition and measurement’s long-term stability. The IPDA 
was operated during day and night using different 
environmental and target conditions, such as calibrated hard 
target reflectivity (ranging from 4 to 55%), clouds, 
temperatures and humidity. Fig. 2 shows typical IPDA hard 
target return and energy monitor signals, obtained during 
horizontal operation. Return signals are processed by 
background subtraction, peak detection and pulse integration. 
Pulse integration was conducted to convert the return powers 
into energies to account for the differences in pulse widths. The 
primary product of the IPDA lidar is the optical depth, which is 
obtained by the natural logarithm of the ratio of the received 
and transmitted off- and on-line signal energies [5]. Other data 
products include range, pulse energies, pulse widths and return 
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Fig. 1. Aerial picture of the IPDA ground testing site at NASA LaRC. 
 
Fig. 2. Triple-pulse, 2-μm IPDA typical hard target return, using InGaAs pin 
photodiode detection systems (top), and energy monitor signals (bottom). 
IPDA was pointed horizontally at 4% reflectivity target. The seeding 
sequence of pulses 1, 2 and 3 is 32, 6, and 16 GHz, respectively. Signals are 
averaged over 50 shots (1-s). 
Identify applicable funding agency here. If none, delete this text box. 
powers. For example, results indicated a range measurement of 
897 m to the hard target, which is consistent with a 
Rangefinder measurement of 894 m. The uncertainty of the 
IPDA range measurement is 0.2 m. 
A. Simultaneous CO2 and H2O Measurements 
The IPDA was designed to produce three successive pulses 
seeded at 32, 6.5 and 16 GHz with respect to the R30 CO2 
absorption line. The first and second pulses are used for H2O 
measurement, while the second and third pulses are used for 
CO2 measurement. Table 1 lists the IPDA operating conditions 
during a two hour long record (346,000 shots) ground test 
conducted on April 26, 2018. Fig. 3 shows the samples 
retrieved from the IPDA dry-air mixing ratiomeasurements as 
compared to the in-situ measurements. IPDA data retrieval 
converts the measured differential optical depth, per shot, into 
weighted-average column dry-air volume mixing ratio using 
the meteorological data obtained from CAPABLE. Table 2 
lists the statistical analysis of the IPDA measured and retrieved 
data, as compared to the instrument model and in-situ 
measurement, respectively. The wavelength settings and 
molecular interference minimization results in low differential 
optical depth measurements of about 0.1. This low differential 
optical depth leads to poor sensitivity, assuming random error 
is dominated by detection noise. H2O interference on CO2 
measurements is negligible (0.1 ppm), which is a property of 
the R30 line region. 
TABLE I.  IPDA LIDAR SETTINGS DURING GROUND TESTING  ON TWO  
DAYS 
 April 26, 2018 – 18:49:58 May 2, 2018 – 15:38:28 
Number of Shots 346,000 59,000 
Shots Success Rate 98.1% 91.4% 
Transmitted 
Wavelength (nm) 2050.4930 / 2051.0506 / 2051.1915 2051.1915 / 2050.9670 / 2051.1915 
Pulse Energy (mJ) 9.30.3 / 12.30.5 / 11.10.5 10.70.2 / 9.80.4 / 12.90.4 
Pulse Width (ns) 52.81.3 / 48.81.5 / 54.81.9 48.3 / 57.5 / 48.61.0 
Energy Monitor SNR 328.5 / 490.7 / 393.3 398.5 / 302.0 / 489.8 
Receiver 
TIA Gain (V/A) 104 104 
Return Power (W) 18.11.9 / 32.43.3 / 30.53.3 26.9 / 5.3 / 33.6 
Return Pulse Width (ns) 62.01.2 / 58.91.5 / 63.71.8 .7 / 65.61.7 / 59.5 
Return Power SNR 244.9 / 431.2 / 405.1 339.8 / 72.2 / 413.2 
Background Noise (mV) 1.6 1.7 
Ambient 
Target Reflectivity 4% 4% 
Temperature (K) 289.630.54 0.05 
Pressure (Pascal) 101,072.2715.54 102,023.218.615 
Relative Humidity (%) 57.963.68 31.50 
TABLE II.  STATISTICAL ANALYSIS OF THE TRIPLE-PULSE IPDA LIDAR 
MEASUREMENTS OF DIFFENTIAL OPTICAL DEPTHS 
 April 26, 2018 – 18:49:58 May 2, 2018 – 15:38:28 
 IPDA Measurement IPDA Measurement 
 Pulses 1 & 2 Pulses 2 & 3 Pulses 1 & 2 Pulses 2 & 3 
Single-Shot 0.17570.0674 0.12130.0258 1.25160.0438 1.25160.0439 
50 Shot (1 s) 0.17570.0273 0.12130.0098 1.25160.0088 1.25160.0091 
500 Shot (10 s) 0.17570.0227 0.12130.0069 1.25190.0055 1.25200.0058 
Model 0.17590.0118 0.12130.0013 0.0050 
Mixing Ratio (ppm) IPDA Retrieval IPDA Retrieval 
 H2O CO2 CO2 CO2 
Single-Shot 10,179.453,905.81 420.2489.29 413.12 413.13 
50 Shot (1 s) 10,179.401,582.52 420.2433.87 413.12 413.123.04 
500 Shot (10 s) 10,179.411,315.66 420.2423.91  413.26 
In-Situ 10,191.46682.97 419.993.79 412.62 
Bias (1 s) 0.12% 0.06% 0.12% 0.12% 
Sensitivity (1 s) 14.01% 8.01% 0.59% 0.62% 
 
B. Enhanced CO2 Measuremensts 
To investigate the IPDA CO2 measurement sensitivity, the 
instrument was operated close to the R30 center line. This 
results in enhancing the CO2 measurement by increasing the 
differential optical depth and reducing the random noise. Table 
1 also lists the IPDA operating conditions during a 20 minute 
long record of only CO2 measurements, conducted on May 2, 
2018. In this experiment, the wavelengths of the three pulses 
were set to off-line, center-line and off-line. Therefore, the 
differential optical depth measurement between pulses 1 and 2 
should be equal to pulses 2 and 3, and both are equivalent to 
CO2 measurements only, without correcting for H2O. Fig. 4 
shows the CO2 mixing ratio samples retrieved from the IPDA 
differential optical depth measurements as compared to the in-
situ measurements. Table 2 lists the statistical analysis of the 
IPDA measured and retrieved data as compared to the 
instrument model and in-situ measurement, respectively. 
Center line operation results in enhancing the CO2 
measurement sensitivity to 0.6%. 
 
Fig. 3. Triple-pulse, 2-μm IPDA ground testing data retrieval for H2O (top) 
and CO2 (bottom) weighted-average column dry air mixing ratios, as 
compared to the in-situ dry-air mixing ratio measurements. Data collected on 
April 26, 2018 using 32, 6.5 and 16 GHz frequency offsets from the CO2 R30 
line center. 
 
Fig. 4. Triple-pulse, 2-μm IPDA ground testing differential optical depth 
measurements compared to model (top) and CO2 weighted-average column 
dry air mixing ratios retrieval compared to in-situ measurements (bottom). 
Data collected on May 2, 2018 using off-line, center-line and off-line pulse 
wavelength sequence. Off-line wavelength correspond to the 16 GHz 
frequency offset. 
IV. CONCLUSIONS 
NASA LaRC successfully demonstrated a tripled-pulsed 2-
μm IPDA lidar for simultaneous and independent 
measurements of atmospheric carbon dioxide and water vapor 
– a unique active remote sensing capability. The IPDA 
transmitter delivers three, high-energy, pulses at three different 
locked wavelengths at 50 Hz, with 200 μs pulse separation. 
The instrument design was based on the successful 
demonstration of the double-pulse IPDA lidar for carbon 
dioxide measurements. IPDA measurements were compared 
with in situ measurements of carbon dioxide and water vapor. 
Ground testing indicated successful operation of the IPDA 
instrument. Measuring both carbon dioxide and water vapor 
simultaneously while reducing their interference results in 
lower differential optical depth. With fixed detection noise, 
lower differential optical depth leads to poor sensitivity due to 
the domination of random errors. Focusing on carbon dioxide, 
measurement sensitivity was enhanced to 0.6%, by tuning the 
IPDA close to the R30 line center. Results indicated 0.12% 
bias or systematic error. Enhanced carbon dioxide 
measurements will be the focus of the next IPDA airborne 
validation. 
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